In this experimental study, which was undertaken to evaluate the combined effects of material direction, thickness and seawater environment on the fatigue behaviour of adhesively bonded and bolted joints widely used in GRP boat building, the specimens, which were produced by composite system, which its matrix material was multi-purpose polyester (Dewester 196 from the Dewilux Inc.) and its reinforcing material was non-crimp, Eglass fibres, has been used. Unjoined control specimens taken from two different panels (thickness of 5 mm and 11 mm) with the direction of 0º, were subjected to the tests carried out under both atmospheric and marine conditions, together with unjoined with the directions of 45º and 90º, bonded and bolted specimens taken from the same panels. The study was started with static tensile tests of unjoined and jointed specimens, which have two different thickness, 5 mm and 11 mm and have been aged in 3.5% of NaCl solution, which represents seawater environment, and the results obtained give suggestions on tensile values, which would be used in tension-tension fatigue tests. The cycling in tension-tension fatigue tests was between tensile maximum and zero stress value and the frequency value applied was 7.5 Hz. The specimens, which were subjected to tests in synthetic seawater environment, had been aged previously. The results occurred depending on the material direction, the thickness and the joining type of the material are given in conclusion by comparison. It was seen that the results obtained by testing the material in synthetic seawater is much lower than the results of obtained from testing similar specimens under atmospheric conditions. However, the cyclic stress curves indicate the same slope, suggesting that the fatigue failure mechanism of both testing conditions is the same and the fibrerelated factors dominate.
INTRODUCTION
The most widely used composite material in marine field is the glass fibre reinforced plastics (GRP), due to the fact that it is the optimum choice in terms of durability, workability and cost [1] . GRP also offers better resistance to environmental agents and fatigue compared to conventional materials [2] . One of the obstacles preventing the extensive use of composites, however, has been lack of long-term durability data [3] .
For structures subject to cyclic loading, fatigue becomes an important limit state. That is an important factor to be considered by the designer. The fatigue design methodology of GRP compared to metallic structural materials is still lacking with regard to the availability of methods for predicting fatigue life as well as the insufficiency of existing models to reliably assess the fatigue behaviour. The reason for this situation is the inherent inhomogenity of GRP and the various distinguished damage mechanisms such as matrix cracking, fibre/matrix debonding, fibre fracture, intralaminar delamination, as well as their pronounced interactions which have to be taken into consideration [4] . The application of GRP to marine structures has often been accompanied by the application of conservative design safety factors due to limited durability data and to account for underwater shock loading [5] .
It is often presumed that composite materials subject to marine environment suffer from deterioration in fatigue properties. The effects of seawater to the fatigue properties of GRP have been addressed in a research done in the field of naval aviation. It was concluded that an additional factor of safety should be used [6] .
When a material is cyclically loaded in the presence of an environment, such as moisture and/or Gökdeniz Neser, Erkin Altunsaray temperature, it is under environmental fatigue. In general, the effect of elevated temperature and humidity on fibre composites shortens fatigue lives [4] .
The performance of composite structures under prolonged immersion and exposure to wind, rain and sun effects is generally good when compared with other usual construction materials, albeit GRP also suffers some reduction of the original properties. If not well understood and prevented, environmental effects can lead to unexpected structural failures. These aspects should be carefully considered during the design process for a marine structure. A more serious form of degradation can occur in GRP subjected to immersion into the corrosive marine environment combined with a continuous tensile stress. In general, ship and boat structures are not greatly affected by this phenomenon since peak stresses induced by wave loading, slamming, etc. are of intermittent and short duration. This problem can affect local structures subjected to dead loads (bottom shell in the machinery area and tank bulkheads). In such cases, the structure should designed locally for very low stress levels based on experimental curves [7] .
When the reinforcing materials in sea environment are studied, it is observed that there is no sufficient data to compare fatigue behaviour with. It should be understood that the fatigue behaviour is strongly intermingled with the interface properties of the fibre and the resin. In the relative ranking made according to the experiments made by various researchers, it can be observed that the E-glass reinforcements merit the least performance value compared to other fibre materials [7] .
Most of the previous studies on environmental fatigue of fibre-reinforced plastics were focused on aging under various humidity conditions. The data on environmental fatigue of GRP tested under immersion in water were limited and the results are sometimes contradicting. However, it can be said that the fatigue under water immersion is more severe than preconditioning [2] .
As the existing data on the fatigue behaviour of the joints of marine structures do not satisfy the design needs in many cases, it is very difficult to understand and predict the failure of structures. To investigate the effect of marine environment on the joints that are the critical points in boat structures where the fatigue loading causes the severe failures is the subject of the study. In order to improve the durability of GRP in marine use, the usage of hybrid systems using the glass and carbon fibres simultaneously is suggested [8, 9] .
Joining methods depend very much on the application being considered. A bonded connection provides a greater surface area to transmit load. This ensures that all fibres at the joint interface are used to carry load so that stress concentrations are reduced. They are easier to produce than bolted connections to and they can be formed from one side of the panel. However, controlled environment is usually required during the construction process. Another shortcoming is that when initial failure occurs in a purely bonded joint, it can propagate easily since there are no fibres across the joint to act as crack arrestors. Such joints are permanent and cannot easily be removed [10] . Military vessel manufacturers, who try to benefit from the advantages of composite materials by using them in structures as much as possible, have been developing research projects on the combining composites with steel by joining, which are cost effective, require low-workmanship and maintenance and are durable in marine environment. Adhesively bonded joints have been significantly advantageous among the joining types. [11] Bolted connections provide a strong link across the joint interface; they are rather easily removed, and can usually be formed under adverse environmental conditions. When used in conjunction with an adhesive, the bolts can act as crack arrestors in the event of initial failure. However, since the load is transmitted through a small area, stress concentrations occur that can lead to early initial failure. They require access from both sides of the joint, are heavy and can be expensive to produce [12] . Fatigue behaviour of this kind of joints is affected by several factors such as the composite reinforcement material, the number of layers, the quality of drilling and the installing fastener operations [13] .
The performance of both bonded and bolted joints is sensitive to the lay-up of the composites being joined, particularly if they are formed using a large proportion of unidirectional fibres. This must be considered when using single-lap or stepped-lap-joints and, to a lesser degree, to other forms of joints (tapered lap, joggled lap, etc.). Typical marine composites contain high proportions of woven or randomly oriented fibres, which are less sensitive to the joining method used.
This study concentrated on the tension-tension fatigue
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performance of lap joints fixed by bonding and bolting of E -glass reinforced polyester composite structures subject to the effect of synthetic seawater. The fibres used in the form of layers known as stitched multilayer laminae or as non-crimp reinforcements. These types of reinforcements are believed to make the production of lighter structures possible by the use of lesser layers or alternatively, to achieve higher levels of strength for the same weight of material used [14] . The main factor that deters the producer from the usage of noncrimp reinforcements is the higher cost of those materials. Although the usage of lesser layers will cause a reduction in the costs of workmanship; material cost is still high in developing countries where the cost of workmanship is less when compared to industrialized countries. Therefore, the usage of noncrimp reinforcements is generally limited to the inner and outer skins (2-3 mm) of the sandwich-type hulls where strength and stiffness are required [15] .
In the fatigue tests performed under atmospheric environment, specimens that were prepared in two different thicknesses and manufactured by hand-laying processes were used.
Another set of specimens prepared in the same manner were tested in a synthetic seawater cell. Therefore, non-crimp E-glass reinforced polyester material has been tested in two different environmental conditions and it was attempted to observe the effects of material thickness and direction on this behaviour.
EXPERIMENTAL PROCEDURE
Non crimp E glass reinforcements were supplied by Cotech industries ( Table 1 ). The resin used was orthophitalic polyester, Dewester 196 from the Dewilux Inc. This matrix material, produced as a general purpose resin, is widely used in boat building and is readily available on the market. Panels from which the specimens were taken were produced by hand lay-up in workshop of a boat builder in Izmir. The same worker laid the glass fibres to overcome possible differences of workmanship practice. Hand lay-up was the preferred method since both it is used widely in the boat building industry due to its lower cost and the ease of obtaining sufficiently even thickness distribution throughout the lamination. Production with this method is sufficient where medium-strength characteristics are satisfactory.
Two panels were prepared with two thicknesses (Panel 1, with a thickness of 5 mm and Panel 2, with a thickness of 11 mm) to represent the scantlings of a hull of single skin construction ( Table 2 ). The curing of panels was made at the room temperature and they were left for one month at the ambient indoor conditions before the cut out of the specimens to be tested. Specimens were cut out from those panels by a numerically controlled device (CNC) in the desired geometry. Two sides parallel to thickness directions of the specimens were painted with epoxy based paint against the moisture absorption in the test chamber. Table 2 : Stacking sequence and resulting thicknesses of the panels used.
3.5% NaCl solution was used as synthetic seawater in the tests.
Prior to the fatigue tests, static tension tests were performed to determine ultimate tensile strength (UTS) characteristics of the material. As for UTSs in the immersion condition, specimens to be statically tested were kept in a 3.5% NaCl solution for 30 days prior to static tension test. The solution was renewed at the 7 th , 15 th and 23 rd days of this 30 days period.
The specimens to be tested for fatigue under atmospheric environment (referred as atmospheric in the tables and Figures) were kept at the ambient conditions of 23°C and 50% relative humidity for 30 days in order to achieve a sufficient curing of the material. The specimens to be tested under marine environment conditions were aged in a synthetic seawater environment for a period of 30 days prior to the start of the tests. This practice was adopted because the fatigue damage evolution and subsequent failure of fibre-reinforced composites have been found to be independent of moisture content or moisture regime in the short term, while long-term aging and moisture ingress appear to affect the fatigue Gökdeniz Neser, Erkin Altunsaray performance of the material [16] .
The tension tension fatigue in sinusoidal waveform tests were performed under standard atmospheric conditions. The cycling was between tensile maximum and zero stress value (Stress ratio, R = 0 and amplitude ratio, A = 1). The test to obtain the fatigue properties in seawater were performed in the 3.5% NaCl solution. It is also a known fact that the stress corrosion of the glass fibre occurs mainly by a chemical effect that forms microscopic cracks on individual fibres. This forms a rapid failure of the layers under 20% less tensile stress [2] . All of the fatigue tests were made with a frequency of 7.5 Hz. Incidentally, this standard frequency is a good representative of vibrations present in a marine application: Engine vibrations are usually neutralized by passive vibration isolation schemes, and therefore it is usually the propeller shaft revolutions that are the main source of vibrations on a boat. 7.5 Hz, corresponding to 450 revolutions per minute, is a typical propeller shaft speed.
Fatigue testing was performed at a special testing machine at the Research Institute for Construction Equipment and Technologies (Romania) (Fig. 1 ). Due to the limited control of equipment two different maximum loads were applied for the specimens from two panels of different thicknesses: About 55% of UTS for Panel -1 (thinner) and about 65% of UTS for Panel 2 (thicker).
A single specimen was used for each fatigue condition (data point). The tests were finalized at the 10 6 cycles where the durability (the fatigue limit) of the material was sufficiently apparent.
Unjoined Control Specimens
Unjoined specimens were prepared as the references to compare the efficiency of joining methods investigated. These offer the opportunity to observe fatigue behaviour in the absence of the joints. Together with the axial system based on materials direction, their geometry is shown in the Fig. 2 . The unjoined specimens, which were cut out from panels at a direction of 0º, are intended for control for jointed specimens, which were cut out at the same slope. However, two sets of specimens were cut out at the direction of 45º and 90º to benefit from the opportunity to examine the effect of materials direction on fatigue behaviour.
Bonded joint specimens
The geometry of bonded specimens is shown in Fig.  3 . The parts of the joints were overlaped with a contact area of 1260 mm 2 . This joint is subject to both tension and bending effect during tension tension fatigue loading.
The bonding surface which the adhesive applied are roughened to improve their bonding capabilities. One
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layer consisting of the non-crimp reinforcement coded as ELPB425 (F in Table 1 .) and the polyester resin (Dewester 196) was applied to bond two parts of the specimens together.
Bolted joint specimens
Bolted joint specimens were also prepared in two different thickneses. The parts to be bonded were drilled before being bolted with M5 fasteners made by chrome nickel material. Particular care was used in drilling and machining the specimens so as to choose the best speed to prevent delamination and resin damage due to local overheating.
As shown in Fig. 4 , fasteners are bolted at the centre of the area where the failures can occur. Fasteners were screwed together with a torsion of 70 Nm.
RESULTS AND DISCUSSION 3.1. Static tests
With respect to the static tensile properties of Panel-1 (5 mm) and 2 (11 mm), UTSs of control specimens at 0º are close to those of unjoined specimens at 90º. In control specimens, a slight decrease in tensile strength with increasing thickness is observed in the unjoined specimens under atmospheric conditions. It is observed that this decrease is nonexistent in specimens that were kept under seawater environment conditions. While unjoined specimens of 45º has lower UTS at a thickness of 5 mm, they behave in a contrast way at a thickness of 11 mm. Strength values of bonded joint, which subjected to shear more, increase depending on thickness under both atmospheric and immersion conditions. With respect to bolted joints, which subjected to shear and tension loads, there is a contrast situation to bonded joints: under both environmental conditions, decreases of strength up to %35 are observed with the increase of thickness by a factor two. However this drop of strength can be attributed to the destruction of the continuity of the fibrous structure and the formation of higher shear forces during the boring of the holes for bolts (Table 3 ).
Unjoined control specimens in fatigue
It was observed that all failures, no matter whether they were tested in atmospheric and immersion conditions, occurred at the region of fixed cross sectional area region in the centre (Fig. 5.) . This can be attributed to the fact that the flaws in production are smaller and less in number in those areas.
It is observed that the initial cracks occur in the regions where the geometry of the specimens changes and then they progress towards the centre of the specimen. The failure, initially observed on one layer, propagates to the other layers in a short time. There were no preferential or initial failures occurring at eg. ±45º ply interfaces, or at other ply orientation. It was observed that delamination occurs when the number of cycles to failure reaches to 90% of the cycle count to failure. When the unjoined specimens are considered, it is observed that the effect of synthetic seawater environment on the fatigue life decreases as the thickness of the specimen increases. It can be suggested that the diffusion of moisture into the outer plies of the panels was more significant to the failure of the thinner specimens, where the saturated outer plies constituted a higher fraction of total thickness for the specimens of Panel 1 . The difference between the fatigue curves obtained under atmospheric and immersion environment becomes evident for lower levels of maximum applied stress. It can be concluded that the larger number of During moisture diffusion through the composite material, the accumulation of water at the layer interface can significantly enhance the stress corrosion processes involved in the failure of glass fibres, thus resulting in a decrease in the fatigue life of the aged composite [11] . Table 3 : Ultimate strength of specimens in MPa (1 standard deviation) testing conditions is the same and the fibre-related factors dominate.
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Bonded specimens in fatigue
Bonded specimens that were prepared in two different thicknesses were failed at their adhesive surfaces subjected to the shear force during the tensile tensile fatigue loading. Due to this fact, nominal failure stresses were calculated by using the area of the bonding surface (21 mm x 60 mm = 1260 mm 2 ).. Tests were performed until the sides of joints were completely separated (Fig. 8) . It is observed that the failures started at the edges of the joining surfaces and propagated to interior parts.
It is clearly seen that in the Fig. 9 , fatigue performance of the bonded specimens at atmospheric conditions is superior to which were tested at the synthetic sea water environment. In bonded joint specimens, differences in fatigue behaviour under the two environmental conditions decrease significantly with the increase of thickness.
This method of joining that is widely used in small craft production causes very low strength of the joints. High fatigue performance is not exhibited by this kind of joints. Therefore, it is not recommended that to use it in the joint structures of marine craft.
Bolted specimens in fatigue
As the bolted joints are subjected to both tensile and flexural loads during the tension -tension fatigue, ultimate failures have been in bearing mode (Fig. 10) . When calculating applied bearing stresses, crushing area (diameter of bold x thickness of one part of specimen) is taken into account. In bolted joints, the difference in the fatigue behaviour increases with the increase of panel thickness. This can be attributed to the effect of seawater that seeps into the material layers through the bolt holes.
Also, a significant effect of synthetic seawater on the fatigue behaviour of bolted joints was observed (Fig. 11) .
CONCLUSIONS
This study has been conducted to evaluate the tension tension type fatigue behaviour of E-glass non-crimp reinforced composite material with polyester resin matrix with two different bonding methods (bolted and bonded) and under in two different environmental conditions. The material tested has produced in two different thicknesses to investigate the effects of thickness on fatigue behaviour. Unjoined control specimens in two different thicknesses and have also been and at a material direction of 0º have also been tested as the control specimens. In this study, the opportunity to examine the effect of the change of direction of the material on fatigue behaviour was also used by testing unjoined materials, which were at the directions of 45º and 90º, and cut out from two different panels with two different thicknesses.
It can be seen from S N curves that, there is a relation between applied tensile stress and cycle number of the type:
(1)
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Coefficients of A and B, which depend on fatigue condition, are summarized in Table 4 . By assuming unjoined specimens, which were cut out from the panels at the direction of 0º, as control specimens, the fatigue behaviours of all the specimens in low cycle (10 5 ) and high cycle (10 6 ) are presented in Table  5 . Table 5 offers an opportunity to compare the fatigue strength of GRP tested according to environmental conditions, the material directions and the thickness. Thus, (1) With the exception of the specimens, which were at the material direction of 45º obtained from Panel 1 and at the material directions of 45º and 90º obtained from Panel 2 and subjected to low cycle, all the specimens had shorter fatigue life under immersion conditions. If the mentioned specimens are assumed as exception, immersion in synthetic seawater reduces fatigue life. (2) While the thinner specimens, which were at the material direction of 45º, show similar atmospheric fatigue performance compared with the control specimens in low and high cycle, they show higher performance in low cycle and lower performance in high cycle. Thicker specimens show very high In these joints, high cycle also reduces strength significantly. Furthermore, when materials get thicker, strength gets lower. It may be caused from the seawater leakage around bolts that effects many fibres.
It can be seen that the stress curves indicate the same slope, suggesting that the fatigue failure mechanism of both testing conditions is the same and the fibrerelated factors dominate. The results of this research are seen to be supported by the finding of similar research previously made. As a general result, serious material deficiencies GRP materials occur under the conditions of environmental fatigue and at lower values of stress.
Further experiments to yield sufficient data for the fatigue behaviour of GRP structures used in boat building shall reduce the ambiguity in the resistance characteristics of the material and hence enable the structural designer to use lower safety factors, thereby reducing the overall costs and weight.
